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Double type-II seesaw accompanied by Dirac fermionic dark matter
Pei-Hong Gu∗
School of Physics and Astronomy, Shanghai Jiao Tong University, 800 Dongchuan Road, Shanghai 200240, China
In the type-II seesaw mechanism, the neutrino mass generation could be tested experimentally
if the Higgs triplet is at the TeV scale and has a small cubic coupling to the standard model
Higgs doublet. We show such small triplet-doublet coupling and the cosmic baryon asymmetry
can be simultaneously induced by an additional seesaw mechanism involving a U(1)B−L gauge
symmetry. Meanwhile, three neutral fermions for cancelling the gauge anomalies can form a stable
Dirac fermionic dark matter besides an acceptably massless fermion.
PACS numbers: 98.80.Cq, 14.60.Pq, 95.35.+d, 12.60.Cn, 12.60.Fr
I. INTRODUCTION
The atmospheric, solar, accelerator and reactor neu-
trino experiments have established the phenomenon of
neutrino oscillations. Three flavors of neutrinos thus
should be massive and mixed [1]. Moreover, the neutrinos
should be extremely light to fulfil the cosmological ob-
servations [1]. The tiny but nonzero neutrino masses call
for new physics beyond the standard model (SM). Cur-
rently, the best explanation for the small neutrino masses
seems to be the famous seesaw [2] mechanism. In some
seesaw models [2, 3], the interactions for generating the
small neutrino masses can also produce a lepton asym-
metry stored in the SM leptons [4–13]. The sphaleron
[14] processes then can partially convert the produced
lepton asymmetry to a baryon asymmetry. This means
the cosmic baryon asymmetry, which is another big chal-
lenge to the SM, can have a common origin with the small
neutrino masses.
The type-II seesaw [3] has become one of the most at-
tractive seesaw scenarios. In the type-II seesaw models,
the Higgs triplet has a cubic coupling to the SM Higgs
doublet. In the presence of a small triplet-doublet cu-
bic coupling, the Higgs triplet can pick up a tiny vac-
uum expectation value (VEV) even if it is at the TeV
scale. Accordingly, the Yukawa couplings of this TeV-
scale Higgs triplet to the SM lepton doublets can be al-
lowed at a testable level [15]. Obviously, the key of the
testable type-II seesaw is the small cubic coupling be-
tween the Higgs triplet and doublet. In an early work
[16], we introduced a global symmetry of lepton number
to simultaneously explain such small triplet-doublet cou-
pling and the cosmic baryon asymmetry. However, the
spontaneous breaking scale of the global lepton number
is quite arbitrary.
In this paper we shall realize a double type-II seesaw
mechanism by resorting to a U(1)B−L gauge symme-
try which forbids the Yukawa couplings of three right-
handed neutrinos to the SM. Through their Yukawa cou-
plings to a Higgs singlet for spontaneously breaking the
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U(1)B−L symmetry, the right-handed neutrinos eventu-
ally can form a Dirac fermion to become a stable dark
matter particle besides a harmlessly massless state. Be-
cause of this U(1)B−L symmetry breaking, two or more
heavy Higgs singlets can acquire their small vacuum ex-
pectation values (VEVs) to suppress the cubic coupling
between the usual type-II seesaw Higgs triplet and the
SM Higgs doublet. Therefore, the left-handed neutrinos
can naturally obtain their tiny Majorana masses even if
the Higgs triplet with sizable Yukawa couplings is set at
the TeV scale. Our model can also accommodate a suc-
cessful leptogenesis mechanism through the heavy Higgs
singlet decays.
II. FERMIONS AND SCALARS
The SM fermions and scalar are denoted as follows,
qL(3, 2,+
1
6
,+ 1
3
), dR(3, 1,− 13 ,+ 13 ), uR(3, 1,+ 23 ,+ 13 );
lL(1, 2,− 12 ,−1), eR(1, 1,−1,−1); φ(1, 2,− 12 , 0). (1)
Here and thereafter the brackets following the fields de-
scribe the transformations under the SU(3)c×SU(2)L×
U(1)Y ×U(1)B−L gauge groups. For simplicity, we do not
show the indices of the three generations of fermions. In
order to cancel the gauge anomalies, we need some right-
handed neutrinos with appropriate U(1)B−L charges. In
the present work, we shall consider the following three
right-handed neutrinos [17],
νR1 (1, 1, 0,−4) , νR2 (1, 1, 0,−4) , νR3 (1, 1, 0,+5) . (2)
The Higgs doublet φ is responsible for the electroweak
symmetry breaking as usual. We then introduce a Higgs
singlet,
ξ(1, 1, 0,+1), (3)
for spontaneously breaking the U(1)B−L symmetry.
Moreover, the model contains other Higgs scalars includ-
ing a Higgs triplet,
∆(1, 3,+1,+2), (4)
2and two or more heavy Higgs singlets,
σa(1, 1, 0,−2), (a = 1, ..., n ≥ 2). (5)
For simplicity, we do not write down the full La-
grangian. Instead, we only give the following terms,
L ⊃ −λξφξ†ξφ†φ− (µ2∆ + λξ∆ξ†ξ + λφ∆φ†φ)Tr
(
∆†∆
)
−
n∑
a=1
(
M2aσ
†
aσa + κaσaφ
T iτ2∆φ+ µaσaξ
2
)
−1
2
f l¯cLiτ2∆lL −
∑
i=1,2
yi3ξν¯Riν
c
R3 +H.c. . (6)
Note one of the four couplings κa,b6=a and µa,b6=b can al-
ways keep complex after taking any phase rotations.
III. NEUTRINO MASS
When the Higgs singlet ξ develops its VEV 〈ξ〉 for the
U(1)B−L symmetry breaking, the heavy Higgs singlets
σa can have a suppressed VEV,
〈σa〉 ≃ −
µ∗a〈ξ〉2
M2a
≪ 〈ξ〉 for Ma & µa , Ma ≫ 〈ξ〉 . (7)
We hence can obtain a cubic coupling between the Higgs
triplet ∆ and the SM Higgs doublet φ, i.e.
L ⊃ −ρφT iτ2∆φ+H.c. with ρ =
∑
a
ρa =
∑
a
κa〈σa〉 .(8)
From this triplet-doublet coupling, the Higgs triplet ∆
can pick up a small VEV 〈∆〉 after the Higgs doublet
φ acqures its VEV 〈φ〉 ≃ 174GeV for the electroweak
symmetry breaking,
〈∆〉 ≃ −ρ
∗〈φ〉2
M2
∆
≪ 〈φ〉 for M∆ ≫ ρ , Ma & 〈φ〉 . (9)
Here the Higgs triplet mass M
∆
is dominated by
M2∆ ≃ µ2∆ + λξ∆〈ξ〉2 + λφ∆〈φ〉2 . (10)
In the presence of the Higgs triplet VEV 〈∆〉, the left-
handed neutrinos νL can obtain their Majorana masses,
L ⊃ −1
2
mν ν¯
c
LνL +H.c. with mν = f〈∆〉 . (11)
If the VEV 〈∆〉 is at the eV scale, we can take the Yukawa
couplings f to be sizable and then yield the Majorana
neutrino masses mν at a desired level. The diagram for
the neutrino mass generation is shown in Fig. 1.
For a numerical example, we first fix
〈ξ〉 = O(10TeV) , (12)
lL
∆
lL
φ φ
σ
ξ ξ
FIG. 1: The neutrino mass generation.
and then input
Ma = O
(
1014GeV
)
, µa = O
(
1013GeV
)
,
κa = O(0.1) . (13)
Consequently, we can have
ρa = O (10 eV) . (14)
By further inputting
M∆ = O (TeV) , (15)
we can obtain
〈∆〉 = O (0.1eV) , (16)
and hence
mν = O (0.01− 0.1eV) for f = O(0.1− 1) . (17)
The generation of the small Higgs triplet VEV 〈∆〉
and hence the tiny neutrino masses mν is the so-called
type-II seesaw. For inducing the small VEV 〈∆〉, the
Higgs triplet ∆ should have a suppressed cubic coupling
ρ with the SM Higgs doublet φ if the Higgs triplet ∆
has a mass M
∆
at TeV scale. In the present work, the
triplet-doublet coupling ρ can be naturally achieved in
an additional seesaw way, where the heavy Higgs singlets
σa are far above the U(1)B−L gauge symmetry breaking
scale 〈ξ〉. Therefore, we may name this two-step seesaw
mechanism as a double type-II seesaw [16].
IV. BARYON ASYMMETRY
As shown in Fig. 2, the heavy Higgs singlets σa have
two decay modes,
σa → φ∗φ∗∆∗ , σa → ξ∗ξ∗ . (18)
3σa
φ∗
∆∗
φ∗
+
σa
ξ∗
ξ∗
+
σa
ξ
ξ
σb
φ∗
∆∗
φ∗
σa
φ
∆
φ
σb
ξ∗
ξ∗
FIG. 2: The heavy Higgs singlet decays.
As long as the CP is not conserved, we can expect a CP
asymmetry in the above decays,
εa = 2
Γ(σa → φ∗φ∗∆∗)− Γ(σ∗a → φφ∆)
Γa
= −2Γ(σa → ξ
∗ξ∗)− Γ(σ∗a → ξξ)
Γa
6= 0 , (19)
where Γa is the total decay width,
Γa = Γ(σa → φ∗φ∗∆∗) + Γ(σa → ξ∗ξ∗)
= Γ(σ∗a → φφ∆) + Γ(σ∗a → ξξ) . (20)
We can calculate the decay width at tree level and the
CP asymmetry at one-loop level,
Γa =
1
8pi
( |µa|2
M2a
+
3
32pi2
|κa|2
)
Ma , (21)
εa = −
3
32pi3
∑
b6=a
Im (κ∗aκbµaµ
∗
b)
|µ
a
|2
M2
a
+
3|κ
a
|2
32pi2
1
M2b −M2a
= − 3
32pi3
∑
b6=a
|κaκbµaµb| sin δab
|µ
a
|2
M2
a
+
3|κ
a
|2
32pi2
1
M2b −M2a
. (22)
Here δab is the relative phase among the parameters ρa,b
and κa,b.
After the heavy Higgs singlets σa go out of equilibrium,
their decays can generate a lepton asymmetry L
∆
stored
in the Higgs triplet ∆. For demonstration, we simply
assume the heavy Higgs singlet σ1 much lighter than the
other heavy Higgs singlets σ2,.... In this case, the σ1
decays should dominate the final L
∆
asymmetry, i.e.
L∆ = ε1
(
neqσ1
s
) ∣∣∣T=T
D
, (23)
where the symbols neqσ1 and TD respectively are the equi-
librium number density and the decoupled temperature
of the heavy Higgs singlets σ1, while the character s is
the entropy density of the universe [18].
The cubic coupling between the Higgs triplet and dou-
blet can go into equilibrium at a temperature much below
the electroweak scale even if it appears before the elec-
troweak symmetry breaking. Actually, we can estimate
the interaction rate of the triplet-doublet coupling,
Γφφ∆ ∼


|ρ|2
T for T > M∆ ,
|ρ|2
M∆
for T < M
∆
,
(24)
and then require it to keep smaller than the Hubble con-
stant H(T ) above the electroweak scale, i.e.
Γφφ∆ < H(T ) ∼
T 2
1019GeV
for T & 100GeV . (25)
The above condition can be achieved for |ρ| . O(keV)
and M
∆
= O(TeV). Therefore, the lepton asymmetry
L
∆
stored in the Higgs triplet ∆ will become a lepton
asymmetry stored in the SM lepton doublets lL before
the electroweak symmetry breaking, thanks to the fast
decays of the Higgs triplet into the lepton doublets. The
sphaleron processes then can partially transfer this lepton
asymmetry to a baryon asymmetry [19],
B = −28
79
L∆ . (26)
As a numerical example, we take
M1 = 10
14GeV , |µ1| = 3× 1012GeV , |κ1| = 0.3 ;
M2 = 10
15GeV , |µ2| = 3× 1013GeV , |κ2| = 0.3 .
(27)
The CP asymmetry ε1 then should be
ε1 = −1.4× 10−5δ12 . (28)
4Meanwhile, the weak washout condition can be satisfied
[18],
Γ1 = 7× 109GeV < H(T )
∣∣∣T=M
1
= 1.5× 1010GeV .(29)
Here H(T ) is the Hubble constant,
H(T ) =
(
8pi3g∗
90
) 1
2 T 2
M
Pl
, (30)
with M
Pl
≃ 1.22× 1019GeV being the Planck mass and
g∗ = 122 being the relativistic degrees of freedom (the SM
fields plus the three right-handed neutrinos νR, the Higgs
triplet ∆, the Higgs singlet ξ and the U(1)B−L gauge
field.). The baryon number hence can be approximately
given by [18]
B = −28
79
L∆ ∼ −
28
79
ε1
g∗
= 10−10
(
sin δ
2.4× 10−3
)
. (31)
V. DARK FERMIONS
As shown in Eq. (6), the three right-handed neutrinos
νR have two Yukawa couplings with the U(1)B−L Higgs
singlet ξ, i.e.
L ⊃ − [ν¯R1 ν¯R2]
[
y13
y23
]
νcR3 +H.c.
= − [ζ¯R χ¯R]
[
0
yχ
]
νcR3 +H.c. with
ζR =
y23νR1 − y13νR2√
y2
13
+ y2
23
,
χR =
y13νR1 + y23νR2√
y2
13
+ y2
23
,
yχ =
√
y2
13
+ y2
23
. (32)
So, the third right-handed neutrino νR3 and the linear
combination χR of the two right-handed neutrinos νR1,2
can form a Dirac particle after the U(1)B−L symmetry
breaking, i.e.
L ⊃ iχ¯γµ∂µχ−mχχ¯χ
with χ = χR + ν
c
R3 , mχ = yχ〈ξ〉 . (33)
Meanwhile, the other linear combination ζR of the two
right-handed neutrinos νR1,2 has no Yukawa couplings so
that it should be a massless state.
Since the Dirac fermion χ is stable, it can be expected
to serve as a dark matter particle. The dark matter anni-
hilation and scattering could be determined by the gauge
interactions,
L ⊃ gB−LZµB−L
{
3∑
i=1
(
1
3
d¯iγµdi +
1
3
u¯iγµui − e¯iγµei
−ν¯LiγµνLi
)− 4ζ¯RγµζR − i2Tr [(∂µ∆)†∆−H.c.]
−1
2
χ¯γµ (9− γ5)χ
}
. (34)
The gauge coupling gB−L then should have an upper
bound from the perturbation requirement, i.e.
9
2
gB−L <
√
4pi ⇒ gB−L <
√
16 pi
9
, (35)
while the gauge boson mass MZB−L should be
MZ
B−L
=
√
2gB−L〈ξ〉 . (36)
Currently the experimental constraints on the U(1)B−L
symmetry breaking is [20],
MZ
B−L
gB−L
& 7TeV⇒ 〈ξ〉 & 5TeV . (37)
The thermally averaging dark matter annihilating
cross section can be computed by [21]
〈σAvrel〉 =
∑
f=d,u,e,ν
L
,ζ
R
〈σ(χ+ χc → f + f c)vrel〉
+〈σ(χ+ χc → ∆+∆∗)vrel〉
≃ 2835g
4
B−L
8pi
m2χ
M4Z
B−L
=
2835
32pi
m2χ
〈ξ〉4 =
2835
32pi
y2χ
〈ξ〉2 . (38)
The dark matter relic density then can well approximate
to
Ωχh
2 ≃ 0.1 pb〈σ
A
v
rel
〉 = 0.1 pb×
32pi〈ξ〉4
2835m2χ
= 0.1 pb× 32pi〈ξ〉
2
2835y2χ
. (39)
It should be noted that Eqs. (38) and (39) are based on
the assumption,
4m2χ ≪M2Z
B−L
⇒ y2χ ≪
1
2
g2B−L <
8pi
81
⇒ yχ <
√
8pi
9
.
(40)
By inserting the upper bound (40) into Eq. (39), we
5can put a constraint on the the VEV 〈ξ〉, i.e.
〈ξ〉 ≃
(
2835y2χΩχh
2
32pi × 0.1 pb
) 1
2
= 61TeV
(
yχ√
8pi/9
)(
Ωχh
2
0.11
) 1
2
< 61TeV
(
Ωχh
2
0.11
) 1
2
, (41)
besides the experimental limit (37). The dark matter
mass,
mχ ≃
(
0.1 pb× 32pi〈ξ〉
4
2835Ωχh
2
) 1
2
= 4TeV
( 〈ξ〉
21TeV
)2(
0.11
Ωχh
2
) 1
2
, (42)
thus should be in the range,
227GeV
(
0.11
Ωχh
2
) 1
2
. mχ < 34TeV
(
0.11
Ωχh
2
) 1
2
for 5TeV . 〈ξ〉 < 61TeV . (43)
The gauge interactions can also mediate the dark
matter scattering off nucleons. The dominant spin-
independent cross section is [22]
σχN =
81g4B−L
4pi
µ2r
M4Z
B−L
=
81
16pi
µ2r
〈ξ〉4 =
2
35
µ2r
m2χ
0.1 pb
Ωχh
2
. (44)
Here µr = mNmχ/(mN + mχ) is a reduced mass with
mN being the nucleon mass. As the dark matter is much
heavier than the nucleon, we can simply read
σχN = 2.9× 10−45 cm2
( µr
940MeV
)2( 0.11
Ωχh
2
)
×
(
4TeV
mχ
)2
. (45)
To match the dark matter direct detection results [23, 24]
into account, the dark matter mass should have a more
stringent low limit,
mχ & 4TeV . (46)
So, the dark matter mass range (43) should be modified
by
4TeV
(
0.11
Ωχh
2
) 1
2
. mχ < 34TeV
(
0.11
Ωχh
2
) 1
2
for 21TeV . 〈ξ〉 < 61TeV . (47)
We also check if the massless ζR fermion can decou-
ple above the QCD scale to satisfy the BBN constraint
on the effective neutrino number. For this purpose, we
need consider the annihilations of the ζR fermion into the
relativistic species at the QCD scale,
σζ =
∑
f=d,u,s,e,µ,ν
L
σ(ζR + ζ
c
R → f + f c)
=
6g4B−L
pi
s
M4ZB−L
=
3
2pi
s
〈ξ〉4 , (48)
with s being the Mandelstam variable. The interaction
rate then should be [11]
Γζ =
T
32pi4
∫∞
0
s3/2K1
(√
s
T
)
σζds
2
pi2 T
3
=
18
pi3
T 5
〈ξ〉4 , (49)
withK1 being a Bessel function. We take g∗(300MeV) ≃
61.75 and then find
[
Γζ < H(T )
]
T&300MeV
for 〈ξ〉 & 11TeV . (50)
So, the massless ζR fermion should be harmless for the
parameter choice (47).
VI. CONCLUSION
In this paper we have shown a U(1)B−L gauge sym-
metry can provide the lepton number violation for the
Majorana neutrino mass generation, meanwhile, can pre-
dict the existence and guarantee the stability of the
dark matter. Specifically, because of their Yukawa cou-
plings to the Higgs singlet for spontaneously breaking
the U(1)B−L symmetry, three right-handed neutrinos
without any Yukawa couplings to the SM can form a
Dirac fermion besides a massless state. The massive
right-handed neutrinos can serve as a stable dark mat-
ter particle while the massless one decouples safely. On
the other hand, after this U(1)B−L symmetry breaking,
two or more heavy Higgs singlets can acquire their small
VEVs to induce the cubic coupling between the type-II
seesaw Higgs triplet and the SM Higgs doublet. There-
fore, the left-handed neutrinos can naturally obtain their
tiny Majorana masses even if the Higgs triplet is at the
TeV scale. Through the interactions for generating the
neutrino masses, the heavy Higgs singlets can decay to
produce a lepton asymmetry stored in the Higgs triplet.
The sphaleron processes then can partially transfer this
lepton asymmetry to a baryon asymmetry.
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